Introduction
Recently, a detailed numerical model of the ironmaking blast furnace has been developed for gaining a better understanding of in-furnace phenomena 1) such as burden distribution, 2, 3) gas-solid motion, 4) heat and mass transfer, 5, 6) gas injection behavior, 7, 8) fines clogging, 9) liquid flow in the tapping process, 10) and melt dripping in a coke-packed bed. 11) Nevertheless, the dripping behavior of the melt in the lower part of the blast furnace is still difficult to control; this remains one of the most important issues from the viewpoint of operational stability because it significantly decreases the permeability of the packed bed. Furthermore, volumetric destruction of coke, wear, and deformation due to solution loss make it difficult to predict in-furnace phenomena.
12) A "holistic" operation design based on a phenomenological understanding of the melt dripping in heterogeneous coke beds is strongly desired.
When the liquid flow through a packed bed is in the steady state, the volume fraction of the liquid in the packed bed is called "holdup". In general, "static holdup hs" is defined as the liquid fraction after the supply of liquid is stopped. This property is considered to depend on 5 physical parameters: packed solid mean diameter D, liquid density ρ, liquid surface tension σ, contact angle θ, and gravity g, and thus included 3 basic units (length, time, and mass). Thus it derived
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dimensionless correlation between hs and parameters from Buckingham's π theorem, 13) it is determined by the force balance of gravity and surface tension, and a modified capillary number Cp m is widely used. Although various forms of Cp m have been proposed, for liquids, it is generally defined as (gravitational force)/(capillary force), e.g., Cp m = ρg(ϕd p ) 2 / σ(1+cosθ)(1−ε) 2 for adhesion wetting mode 14) and
2 for immersion wetting mode. 19) Many researchers have fitted data and established experimental formulae using various liquids such as water, oil, and roomtemperature media, [14] [15] [16] [17] [18] or actual molten slag. 19, 20) To understand the detailed dripping behavior, the flow of hot slag in a coke bed was observed by using an X-ray scanner and the holdup sites were mapped. [21] [22] [23] [24] [25] [26] These experiments involved the use of a laboratory-scale coke bed, and the slag dripping behavior was not always revealed even when conditions pertaining to an actual blast furnace were simulated.
On the other hand, recent numerical analyses by the Lagrangian approach, which can track moving calculation points, has been adopted for multi-fluid physics problems in a high-temperature metallurgical process with a complicated interface. 11, [27] [28] [29] [30] [31] [32] [33] The advantage of this method is the explicit tracking of time-varying fluid interfaces, which is difficult to observe experimentally. The smoothed particle hydrodynamics (SPH) method, which discretizes a continuous fluid phase by moving particles, is suitable for the analysis of interfacial flow, even for the large number of dispersed liquid phase. [34] [35] [36] [37] Meanwhile, the multi-sphere (MS) extended discrete element method (DEM) is adopted as a highly accurate scheme for non-spherical solid-particle motion simulation. [38] [39] [40] [41] With the increase in computational power through the fast parallel processing technology using the TESLA GPU accelerator (NVIDIA), large-scale numerical simulation with high resolution and investigation of several case studies have become possible. Thus, we expect to clarify the following problems, which has not been achieved by experimental approaches. a) detailed visualization of droplet distribution in a nonuniform coke-packed bed at the actual furnace scale b) clarification of the effect of basic slag composition and temperature change on hs c) direct reflection from the thermophysical property data of melts to fluid dynamic model In this research, we first introduced our numerical scheme for molten slag flow by SPH, and evaluated the individual packing behavior for non-spherical cokes, based on DEM with expanded functions. Figure 1 shows a schematic diagram of this model concept. We then simulated the liquid trickle flow behavior in the packing structures containing non-spherical cokes, and validated the simulation results by comparison with those obtained by a previous experimental equation. We introduced a 3D scanning technique for reflecting the actual coke shape to this simulation. Finally, we comprehensively analyzed the influence on holdup and trickle flow field under various experimental conditions (basicity, temperature, and Al 2 O 3 concentration) that have been reported previously.
Numerical Method

SPH Procedure for Fluid Motion with Interfacial
Flow The basic principle of the SPH method is the introduction of a kernel function for flow quantities, such that fluid dynamics is represented by a set of particle evolution equations as shown in Fig. 1(a) .
36) The SPH is based on an interpolation scheme that allows estimation of a vector or scalar function f at position r in terms of the values of the function at the discretization points. where W is the smoothing kernel function with length of influence radius h. Owing to this compactness, the summation in function f can be replaced with a summation only over particles within distance h from r i , thus W(r ij , h) = 0 when |r ij | > h. The kernel must possess a symmetrical form to |r ij | = 0. The kernel has at least a continuous first derivative and must satisfy the normalization condition, as ∫W(r ij , h)dr = 1. In the h→0 limit, the kernel is required to reduce to a Dirac delta function δ(r ij ). We chose Wendland's kernel to avoid kernel artifacts such as particle clustering. 42) Here, the gradient form of Eq. (1) Then, it can be expanded using partial integration, as follows:
By using the divergence theorem, the first term on the righthand side can be converted to the boundary integral of the following equation; thus, the kernel function W(r, h) = 0 on the boundary, and ∇f(r) can be expressed as follows:
In this manner, the density of the particles could be expressed in terms of the sum of the kernel functions of N particles present within the radius of influence. However, this assumption does not yield a sufficiently accurate solution, especially in the vicinity of the phase boundary. In the standard SPH, the first-order "consistency" is not satisfied because of the non-uniform distribution of particles, especially in the regions near the interface, and this may cause a significant decrease in the computational accuracy. To avoid this, the multidimensional moving leastsquares interplant with constraint condition (CLS) method is introduced (CLS-SPH). 43, 44) Extension of the moving least-squares method to multiple dimensions improves the mass-area-density consistency and filters out any smallscale pressure oscillations. Since the density varies under SPH assumption, it is essential that ρ be defined as a density function 〈ρ〉 i for each particle ρ i →〈ρ〉 i , as detailed in a previous study. 
. (9)
On the right-hand side of Eq. (9), the first, second, third and fourth terms denote the pressure gradient, viscous force, gravity, and interfacial force, respectively. A density function is introduced such that it takes into account the boundary particles to smoothen each term. Then, the N-S equation can be written by considering the simple relationship ρ = m/V as follows:
... (10) Using the correlation of Eq. (8), the purpose of producing the time derivative of pressure, Tait's equation of state can generally be used. 
Physical Properties of Molten Slag
To determine the physical properties of molten slag (ρ,μ,σ), we focus on the condition of lower part of blast furnace. The typical slag composition in the dripping zone is based on the CaO-SiO 2 -Al 2 O 3 -MgO system at 1 773 K; the basicity (CaO/SiO 2 mass%) is about 0.7-2.0 and decreases as the slag descends in the furnace.
13) The Al 2 O 3 concentration is about 10-20 mass%, but increases as it descends in the furnace. Ohgusu et al. 19) measured the static holdup of CaO-SiO 2 -Al 2 O 3 -MgO molten slag (CaO/SiO 2 = 0.79-1.22, Al 2 O 3 = 13-14 mass%), and reported that hs increased when CaO/SiO 2 was higher or lower than 1. Sunahara et al. 52) measured hs in dripping zone using a test furnace to investigate the effect of slag composition (CaO/SiO 2 = 1.12-1.49, Al 2 O 3 = 13.4-20.4 mass%). It was clarified that the pressure drop increases when the Al 2 O 3 concentration is high or CaO/SiO 2 ratio exceeds 1. The liquidus temperature of the CaO-SiO 2 -Al 2 O 3 slag significantly increases at CaO/SiO 2 > 1, and the liquid fraction drops sharply in this range. This is because solid phase 2CaO·SiO 2 is precipitated during the reduction process. 53) Unfortunately, the physical properties of solid-liquid multiphase state slag are not fully understood, and the SPH-based model fluid is assumed to be a single-phase viscous fluid, which is beyond the range of dynamic modeling. Therefore, in this study, we decided to target the liquid phase of the simplest CaO-SiO 2 -Al 2 O 3 based slag, wherein the physical property data are thoroughly studied in a single phase. Figure 2 shows the slag composition range. 54) Considering CaO/SiO 2 = 1 and Al 2 O 3 = 20 mass%, the low basicity side (a, b, c, d) and different Al 2 O 3 concentrations (a, e, f) were focused on. Table  1 shows the calculation conditions used for the case study. Here, trickle flow characteristics were expressed as a function of the non-dimensional parameters such as the modified Galilei number,
In addition to the composition change (runs 1-6), we decided to investigate the influence of changes in the physical properties with temperature (runs 7-10, 1 573-1 773 K). Since the physical properties of molten slag are known to show large deviations among the reported values, 13) dataset from the same research group measuring a wide range was adopted.
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Fig. 2. Determination of the calculation compositions in CaO-
Al2O3-SiO2 system. 55, 56) on the other hand, the contact angle is constant at about 160°, regardless of the basicity. 46) These are thought to be due to the different compositions of the carbonaceous material, 13) and it is difficult to comparison of these reported values. The change in these contact angles is due to the reduction reaction of SiO 2 between the carbonaceous material and the molten slag and the formation of SiC as the interfacial product (initial contact angle between SiC and the slag was reported as 45°).
56) Therefore, if no chemical reaction occurs, the contact angle between the SiO 2 -CaO-Al 2 O 3 melt and the "carbon material" would represent a system having poor wettability, with θ > 160°. 46, 47) Although modeling of capillary flows on coke is important, it requires the knowledge of the dynamic contact angle, which is the boundary condition for flows with moving contact lines. 48) At present, simulation of capillary flows and interpretation of dynamic contact angle measurements are based on different phenomenological models and various numerical techniques involving different assumptions about the physical mechanisms and the length scales of the effect. 49, 50) Hence, it is difficult to choose a particular model of dynamic wetting for applications using only macroscopic observations of dynamic contact angles. 51) For simplicity, we consider the non-chemical reaction field and completely ignore the force due to wetting.
DEM Procedure for Non-spherical Solid by Multi-
sphere Method DEM is a popular scheme for predicting the movement of spherical particles, and the basic format of the contact force model is indicated in our previous studies (e.g., 57) ). However, since spherical bodies behave differently than complex bodies at the single grain level and as an assembly, the physical meaning of the results obtained from these simulations is questionable. The multisphere method, which was sophisticated by Kruggel-Emden et al., 58) is the most efficient for representing shape within the DEM. If a granular material consists of particles with complex shapes, such as the coke sample, a number of spherical bodies can be used as an approximation. For this purpose, spherical bodies are inscribed into the complex particle such that at each contact point of the sphere and complex body, a tangential plane can be constructed as shown in Fig. 1(b) . The plane must be tangent to both the spherical and complex bodies. Otherwise, the spheres may assume arbitrary positions, vary in size, and even overlap.
Elements existing inside rigid bodies conform to the equations governing the respective translational and rotational motions. When the solid indirect contact force F c and gravity are considered as forces acting on each individual element, the governing equations are written as follows: To evaluate the time change of I g − 1 due to the motion of freely shaped solid, we use the rotational angle θ to describe the rotational motion as transformed by a quaternion. 59) This method has a small differential error, in addition to being fast because it expresses rotation by a quaternion product. When the relative position vector from the center of mass of each element in the rigid body is set to q i = x i − x g , at time t, the quaternion Q i t = (q 0 ,q) = (q 0 ,q x ,q y ,q z ) is related to the conjugate quaternion Q * as follows, considering restricted time steps:
Because the quaternion around the rotational axis ω g /|ω g | is expressed as the rota-
transformation to the rotation matrix R using quaternion components is expressed as follows: As shown above, at time t, the quaternion Q i t is expressed by its position relative to the center of gravity:
). Therefore, the transformation from the quaternion to the element position vector x i t composing the rigid body can be expressed as
. Since the rigid body takes an arbitrary shape and position, the inverse matrix I − 1 of the rigid body's inertia tensor at each step must be determined in order to solve ω g t . Here, for simplification, at time t, the inertia tensor I t is given using the initial value I 0 of the rigid body inertia tensor and the transposition matrix R * of the rotation matrix: I t = RI 0 R * . Since I 0 and I 0 − 1 are symmetrical tensors, the inverse matrix I 
. (18)
Therefore, it is necessary to find the value of I 0 determined by the initial stance of the rigid body. For the mass-point inertia tensor in the relative vector q i = (q x ,q y ,q z ) from the center of mass, rather than assuming that each element is a sphere of radius d p , we assume a cube with the side length of 2d p , that is, the moment of inertia of the single element
/6, and find the initial inertia tensor I 0,g of a single rigid body. , about 300 000 surface points on each coke sample were obtained with a minimum resolution of 0.43 mm. Second, the obtained coordinates were converted to standard triangulated language (STL), and the surface shape was polygonated with a triangular mesh. Finally, to transfer this shape information to the DEM-SPH simulation, the spherical calculation particles were filled so as to conform to the shape. Spherical particles were arranged in a tetragonal lattice pattern. We call this digitized sample "coke". Figure  3 shows the photographs of each coke sample, polygon data, and numerical errors of this method. The STL polygon data Fig. 3(b) are in very good agreement with the sample shape ( Fig. 3(a) ), despite the complicated shape of the coke sample. The STL data were replaced with the arranged particles at various resolutions, as shown in Figs. 3(c)-3(f) . The spatial resolution is higher at d p = 0.75 mm than in the other cases. As d p increases, the effect of single spherical particles representing the surface increases, and then, it is no longer possible to represent detailed shapes. Figure 3(g) shows the influence of particle size on the numerical error for solid shapes. The mass error was compared from the ratio with actual sample, and the determinant of inertia |I 0,g | was calculated as the rotational error. Even for a resolution as low as d p = 3.00 mm, the mass error was no more than 0.25%; however, the rotational error increased to about 2.75%, indicating that the error in the rotational motion is relatively large in this model. Although it is desirable that d p be as small as possible, the number of particles increases exponentially as d p decreases. Hence, there is a trade-off between computational cost and accuracy of the analysis. Here, the capillary length, ( = (σ/ρg) 1/2 ) is one characteristic length scale for an interface subject to both gravitational acceleration and a surface force; its value is 4.39 mm in the case of molten slag a). 28) From the viewpoint of accurate simulation in hold up site, it is necessary to adopt a particle diameter d p which is sufficiently smaller than this value. In this study, d p = 1.15 mm was adopted as a constant value in all calculation processes. Thus, we employ the following values: dt = 1.0 × 10 − 5 s, (analysis time) = 10 s, (number of total particles) = 13 098 258. We considered only wellknown Courant-Friedrichs-Lewy (CFL) condition for the determination of dt. Thus, in the case of droplet breakups, relaxation of the molecular configuration in the high energy surface is not taken into consideration.
Evaluation of Packed Structure
Here, we simulate the packed bed structure consisting of multiple coke samples. By using the particle assembly data obtained in the previous section, 600 pieces of representative coke sample were numerically generated. For calculation, we adopted the following values of coke samples: (density) = 1 050 kg/m 3 , (dynamic friction coefficient) = 0.43, (Young's modulus) = 2.4 GPa, and (Poisson ratio) = 0.35.
67) The position and rotation angle of each coke sample was determined by using a pseudo random number, and packing simulation into a box-type container of side 0.30 m was carried out. Figure 4 shows the calculation results. As shown in Fig. 4(a) , the natural packing behavior of the coke was successfully simulated. The void fraction was obtained as ε = 0.374, and from the average projected area A , 31) the sphericity ϕ( = πD v 2 /4 A ) was estimated as 0.944.
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Results and Discussion
Evaluation of Transient Behavior of Molten Slag
Trickle Flow Based on the above definition of hs (see section 1), the liquid flow through the packed bed must reach the steady state. Considering the calculation cost, we decided to carry out flow analysis of molten slag for 10 vol% of the volume of the calculation domain. The inflow condition of the dripping zone of actual blast furnace changes depending on the physical properties and shape of the cohesive zone, however, the spatial heterogeneous is difficult to give without considering detailed upstream construction. In this study, in Fig. 3 . Comparison of the surface shape derived from a) photograph, b), STL, and c to f) particle assemblies. Different particle arrangements of particles were prepared to verify the calculation accuracy. g) Effect of particle diameter on numerical errors and particle number with an approximation lines.
order to evaluate the inside of the packed bed evenly, initial liquid shape fitted the container was employed. Figure 5 shows the temporal change in the velocity distributions of molten slag as a result of this calculation. Particles were colored black when they reached a sufficiently low velocity (v i < 0.1 m/s), which corresponds to static holdup. As shown in Fig. 5(a) , the liquid drops assume an icicle shape. The region through which the liquid passes does not change with time and preferentially passes through a certain volume. The black colored "holdup sites" are dispersed randomly in the coke-packed bed. As shown in Fig. 5(b) , the velocity field of the liquid phase in each case is different at t = 2.0 s. We consider the influence of the change in each condition on trickle flow as follows.
Influence of Basicity on Static Holdup
In this section, we focus on the change in flow when the temperature is constant and the basicity changes. Figure 6 shows the liquid volume profiles in each height region in the packed bed. As shown in Fig. 6(a) , the liquid product concentrated at the top of the packed bed moves to the downstream side with time. At t = 2.0 s, a plateau curve corresponding to the liquid phase staying in the packed bed becomes prominent as the basicity decreases. Although the mean velocity of the liquid phase can be estimated from the gradient of each curve, 31) we obtained accurate space integral by considering the center of gravity in the droplet shape L each time.
As shown in Fig. 6(b) , after acceleration due to free fall until t = 0.2 s, deceleration due to the resistance of packed bed occurs in each case. As the basicity decreases, the velocity tends to be lower. After a constant velocity is reached, as indicated by (S), the mean velocity decreases due to the influence of static holdup. Figure 7 shows the distribution of holdup sites. As seen in Fig. 7(a) , the holdup sites projected in the horizontal direction are spatially randomly Each coke is color coded in a-d). Cokes motion were terminated when the velocity of all particles was less than 0.001 m/s, e) and f): packed structure obtained by calculation. Figure 10 shows the relationship between hs and basicity for the results in the previous section. An increase in hs with decreasing basicity or decreasing temperature is seen. This observation is in good agreement with the results of the lab-scale hot experiment reported by Ohgusu et al., suggesting that this model provides a qualitatively appropriate solution. 19 ) However, they stated that wetting improves on the lower basicity side (CaO/SiO 2 = 0.79); hence, this model would be insufficient as it ignores chemical reactions. Although the contact angle is constant in this research, further influence of changes in wettability by SiC generation due to carbon reduction from SiO 2 must be studied for the low basicity side. 47) On the low basicity side, since Cp m tends to increase, hs increases, although the gravitational force becomes dominant rather than interfacial tension. On dispersed. Since the bed structure is constant in each case, the holdup liquid droplets (holdup sites) only exist in a specific space. From the comparison between run 1 and run 4, a slight change in the droplet shape can be noted with a decrease in basicity: decrease in the number of droplets; increase in the volume of each droplet; unevenness in the distribution of the holdup sites. As shown in Fig. 7 (b), when we focus on similar holdup sites, the volume of droplet is different in each. This tendency can also be seen from the histograms arranged in the descending order of volume for each droplet shown in Fig. 7(c) . Interestingly, the droplet volume in run 2 is smaller than that in run 1, indicating that it is difficult to express holdup solely on the basis of basicity while ignoring chemical reactions. This is because as we will see later, when basicity decreases there is a simultaneous increase in Cp m and decrease in Ga m .
Consideration of Physical Properties on Holdup
Influence of Temperature on Static Holdup
In this section, we focus on the influence of variations in the physical properties of the melt with temperature on the static holdup. Figure 8 shows the time changes in the mean dripping velocity at each temperature. The dripping velocity decreases as the temperature decreases, similar to the case of low basicity (CaO/SiO 2 < 1) shown in Fig. 6(b) . Figure 9 shows the distribution of static holdup sites at each temperature. From Figs. 9(a) and 9(b), larger droplets can be seen at the same holdup site as temperature decreases. Further, as shown in Fig. 9(c) , unlike the case of low basicity, low temperatures contribute to single droplet enlargement. As shown in Table 1 , the change in surface tension and density with temperature is small and the change in viscosity becomes dominant; this result suggests that the viscosity affects holdup. the other hand, Cp m is nearly constant on the low-temperature side. Therefore, in this case study, the influence of surface tension on hs may not be dominant. This is due to the large particle size of the packed coke than that in the lab-scale bed. The formation of a liquid pass seldom smaller than a capillary length, melt can pass through. 28) However, as shown in following, this consideration is subtle. Figure  11 shows the volume distributions of the static holdup droplet. As shown in Fig. 11(a) , droplet enlargement occurs due to changes in Cp m (Cp m = 26.37 in run 3, Cp m = 24.01 in run 8) at the constant viscosity condition. On the other hand, the influence of Al 2 O 3 concentration on the droplet volume is not clear. From Table 1 , since the increase in Al 2 O 3 concentration mainly contributes to an increase in the viscosity of the molten slag, a remarkable increase in hs is estimated, but the influence is found to be small in our calculation. The reason for this is described in detail in the next section.
Effect of Viscosity on Holdup Based on Compari-
son with Dimensionless Analysis In this section, we attempt to relate hs and the melt physical properties by dimensionless analysis of the results obtained in the previous section. First, two types of hs estimation formulae for the molten slag based on Cp m were derived from previous laboratory experiment experiments, i.e., under the assumption of adhesion wetting mode (Fukutake et al., 14) Chew et al., 18) Kawabata et al., 16) and Jang et al. 20) ) and immersional wetting mode (Ohgusu et al. 19) and Sunahara et al. 52) ). Figure 12 compares the empirical formulae and the results of this model. The results obtained in this study indicated by error bars in Fig. 12(a) are overestimating in comparison of equations assuming adhesion wetting, but are underestimating in equatins of immersional wetting. In the packed bed with poor wettability, the influence of the coke diameter during flow clearly differs between the two wetting modes. This might indicate different holdup characteristics between the actual larger coke bed and the experiment conducted on the laboratory scale. Figure 12(b) shows the results of this model in magnified form. Although the change of hs is small in all cases, all parameters other than the physical properties are completely unified in the numerical calculation; thus, it a significant difference is thought to be generated. In other words, hs clearly increases at low temperature, low basicity, and high Al 2 constant, but Ga m increases 12-fold. Figure 13 shows the results of the liquid phase flow history. Figure 13(a) shows the time integral of the volume fraction of the liquid phase passing through the voidage. 68) It is obvious that under low Ga m conditions, such as run 8, the liquid has high viscosity and passes through a limited flow path as compared with that in run 1. Therefore, an increase in viscosity reduces the effective flow path. 69) This is explained by the fluid dynamical consideration of the liquid phase passing through the circular pipe. Assuming the pressure applied to the cross section of the cylindrical fluid in the circular pipe and the shear stress acting on the outer peripheral surface, the shear stress τ is simply given by ( − dp/dz)(r/2) = − μv z /dr based on Newton's law. Integrating v z with r, and by the boundary condition v z = 0 at r = r c , we derive the equation below: As schematically shown in Fig. 13(b) , when the pressure gradient is constant, the velocity gradient decreases in the radial direction of the flow path due to the increase in the viscosity. In this case, the curvature radius of the free surface of the melt increases in the narrow liquid pass. This mechanism can also explain the increase in droplet diameter and decrease in droplet number due to the increase in viscosity shown in section 3.1. From the combination of the dimensionless numbers proposed by Husslage et al., the number of droplets and hs are derived, as shown in Fig. 14. 21) Both exhibited high correlation coefficients, and the holdup phenomenon due to viscosity was in line with the results of conventional research in which flow path and flow were considered. However, the gradient shown in Fig. 14(b) is very small, and this tendency differs from Eq. (21) .This difference should be explained by considering the change in wetting between the coke and the melt and the suitable assumption of the reaction influences.
Conclusions
We have constructed a detailed dynamic model that takes into account the shape of non-spherical coke using the multisphere approach based on the DEM scheme, and realized transient calculation of a high-resolution flow field by the large-scale CLS-SPH scheme for predicting the phenomena in an actual scale blast furnace. Computational fluid dynamics analysis was carried out on the trickle flow in the coke bed under various physical property conditions, for blast furnace molten slag estimated on the basis of thermal property data.
Case studies were conducted in consideration of basicity (CaO/SiO 2 mass%), Al 2 O 3 concentration, and change in the properties of molten slag with temperature, for the CaOSiO 2 -Al 2 O 3 system at 1 773 K. At CaO/SiO 2 < 1, static holdup increased for low basicity, low temperature, and high Al 2 O 3 content, consistent with the trend observed in conventional experiments. On the other hand, we clarified that there is a limitation to the prediction of holdup when using only the capillary number, which is widely employed. The influence of viscosity on static holdup was analyzed from the viewpoint of a dynamic flow field. The results indicated that an increase in viscosity increases holdup because limiting the effective flow path and suppressing the dispersion of the droplets promoted enlargement of each stagnant droplet. By this analysis, the mechanism underlying different holdup tendencies in the conventional research can be explained from a unified view.
Nomenclature
Symbols A: surface area (m 2 ), Cp: capillary number ( − ), c: sound speed (m·s 
